The transfer of maternal antibodies from mother to progeny is a well-known phenomenon in avian and mammalian species. Optimally, they protect the newborn against the pathogens in the environment. The effect of maternal antibodies on microparasite transmission dynamics may have important consequences for both the fitness of the host and the epizootic processes of the pathogens. However, there is a scarcity of studies examining these effects in free-living wild species. We studied the influence of maternal antibodies against the zoonotic Puumala hantavirus (PUUV) on the fitness of bank voles (Clethrionomys glareolus) and on PUUV transmission by exposing young maternal antibody-positive (MatAbC) and negative (MatAbK) bank voles (nZ160) to PUUV in experimental populations. PUUV-specific maternal antibodies delayed the timing of infection. Females were more susceptible to PUUV infection than males. Interestingly, both the females and the males with maternal antibodies matured earlier than the other individuals in the population. Our results highlight the significance of maternal antibodies in the transmission of a pathogen and in the breeding success of the carriers.
INTRODUCTION
In vertebrates, the transfer of antibodies from a mother to its progeny provides the offspring with passive transient immunity against the microbial infections that the mother has encountered (for a review, see Grindstaff et al. 2003) . The advantages of maternal antibodies are understood to be their protection against possible negative influence of the infection. Even without any direct pathogenicity, an infection may cause indirect deleterious effects to an individual via costs of immune defence (e.g. Sheldon & Verhulst 1996; Lochmiller & Deerenberg 2000; Norris & Evans 2000; Viney et al. 2005) . Maternal antibodies protect a newborn against environmental pathogens and may therefore release resources from immune defence to other costly fitness-related traits like growth, reproduction and survival (Grindstaff et al. 2003; Boots & Bowers 2004; Viney et al. 2005) . In addition to the protection against specific pathogens, maternal antibodies have been shown to have other positive consequences for the assignee individuals. Even without any known disease challenge or protective capacity of the transferred antibodies, maternally delivered immunoglobulins have been shown to facilitate, for example, growth and survival (Gustafsson et al. 1994) and prime the immune response of individuals (Lemke & Lange 1999) .
The influence of maternal antibodies on the fitness and disease epidemiology of neonates in humans and domestic animals is well known with respect to several pathogens. These impacts have also been demonstrated through several well-designed laboratory experiments (reviewed in Grindstaff et al. 2003) . However, there are only limited data on the influence of maternal antibodies on disease transmission dynamics and the fitness of wild host populations in nature. In this paper, the zoonotic Puumala hantavirus (PUUV; Brummer-Korvenkontio et al. 1980) and its carrier, the bank vole (Clethrionomys glareolus), were used to study whether maternal antibodies influence the fitness of assignee individuals. Further, the effect of maternal antibodies on young bank voles' risk of becoming infected by the virus was studied. The experiment was conducted in outdoor enclosures (10 replicates) and laboratory facilities in which maternal antibody-positive (MatAbC) and negative (MatAbK) young bank voles (nZ160) were exposed to PUUV. In the enclosures, the bank vole density was relatively high, inducing resource competition for the bank voles. During the experiment, we monitored PUUV contagion as well as the size, maturation, reproduction and survival of the bank voles.
MATERIAL AND METHODS
(a) Puumala hantavirus PUUV is a host-specific virus carried by the bank vole (Brummer-Korvenkontio et al. 1980) , in which the infection is asymptomatic and chronic (Gavrilovskaya et al. 1990; Bernshtein et al. 1999; Meyer & Schmaljohn 2000) . The infection induces a strong immune response, including antibody production (Gavrilovskaya et al. 1990 ). An infected mother transfers the antibodies transplacentally and via breast milk to its offspring. These maternal antibodies provide the newborns with a temporary protection against infection (e.g. Gavrilovskaya et al. 1990; Dohmae et al. 1993; Bernshtein et al. 1999; Borucki et al. 2000) . The transmission of PUUV is horizontal (e.g. Gavrilovskaya et al. 1990; Niklasson et al. 1995; Kallio et al. 2006) . In humans, PUUV causes a disease named nephropathia epidemica, a mild form of haemorrhagic fever with renal syndrome (Vapalahti et al. 2003) .
(b) Bank vole The bank vole, the carrier of PUUV, is characterized by a short lifespan (Tkadlec & Zejda 1998) , polygamous breeding behaviour (Mills et al. in press) and a multivoltine life-history strategy. In Finland, females give birth to up to four litters with 4-8 pups per litter during the breeding season (May-September; Koivula et al. 2003) . Although bank voles are able to mature soon after weaning (3-4 weeks old), usually only females of the first cohort mature during the summer they are born, whereas others delay breeding to the next year (Mappes et al. 1995; Tkadlec & Zejda 1998; Prévot-Julliard et al. 1999) . The age at first reproduction is important for the overall fitness of bank voles (Prévot-Julliard et al. 1999; Oksanen et al. 2002) . The bank vole populations show seasonal and multiannual fluctuations in the population density in northern Fennoscandia (Hansson & Henttonen 1985 Oksanen et al. (2002) . In the laboratory, the animals were housed in standard cages (43!26!15 cm) and maintained in a 16 L : 8D photoperiod at 20G2 8C. Wood shavings and hay were provided as bedding, food (Labfor 36, Lactamin AB, Stockholm, Sweden) and water were provided ad libitum, and the animals were checked daily.
(d) Experimental procedures
The study animals (nZ160) were the progeny of wild-born, over-wintered bank voles, which were trapped during the previous spring near the study area and taken into laboratory. PUUV infection status was detected from blood samples, taken with 18 ml capillary tubes (Hemacrit tube, Hirschmann Laborgeräte, Eberstadt, Germany) from the retro-orbital sinus, with a rapid test (Ab-Dect Puumala, Reagena, Toivola, Finland; Sirola et al. 2004 ) and/or with an immunofluorescent assay (IFA; Vapalahti et al. 1995) . The infected (seropositiveZPUUVC) and non-infected (seronegativeZ PUUVK) wild-trapped bank voles were placed in separate rooms to minimize transmission of PUUV. Females were paired with males with the same antibody status. The offspring of these pairs were used as the study animals for the experiment. At birth, the voles were individually marked and their sex, weight and head width measured (table 1) . The PUUVC and PUUVK mothers did not differ from each other either in morphological or reproductive characteristics (table 2) . The experiment lasted from the birth until the age of 145 days of the study animals (table 1) . At weaning (20 days of age), measurements (see above) and blood samples were taken from each individual. The maternal antibody status of the study animals was determined from samples taken from the offspring and the mother at the same time (during weaning); PUUV-IgG-seropositive results from both the offspring and the mother indicated that the study animal was MatAb-positive (MatAbC). All individuals (both MatAbC and MatAbK) were exposed to a pool of Table 2 . Morphological and reproductive characteristics of PUUVC and PUUVK females (mothers of study animals) at parturition. (MeanGs.e., n in brackets. Two-sample t-test was used.) 888, pZ0.376) . In addition to the animals studied, four mature PUUVC males were released into each enclosure to further transmit the virus.
The first trapping was carried out when the study animals were approximately 50 days old. All animals were sampled for blood and measured (head and weight). Pregnant females were taken and maintained in the laboratory to give birth and they were monitored until the end of the study. In males, the total width of testicles in scrotal position was measured with calliper ruler. After measurements, males and non-pregnant females were released back to their original enclosures. During the second trapping (at the age of 60 days), all individuals were taken into the laboratory and they were measured and sampled. Thereafter, the animals were held in the laboratory, exposed to PUUV (see above) and the blood samples were taken at the approximate ages of 80, 105 and 145 days (table 1). In the laboratory, all non-pregnant females were repeatedly paired with both PUUV-infected and noninfected mature males to avoid the influences of differences in male's breeding success or their infection status on the breeding success of females. Pregnant females were checked daily for parturition and all newborn pups were measured as described earlier. The PUUV infection was detected with IFA (above) from blood samples. An IgG-seropositive result was interpreted to be induced by a PUUV infection if the previous blood sample had been negative.
RESULTS (a) Infection
Out of 160 individuals, 69 survived until the end of the experiment. Of these 69 individuals, altogether 29 (42.0%) were infected by PUUV by the end of the study period. Females and males differed significantly in becoming infected under the exposure. Of the 36 females, 23 (63.9%) were infected, whereas only 6 out of the 33 males were infected at the end of the study period (c 1 2 Z14.76, p!0.001; figure 1a,b) . Maternal antibodies disappeared gradually by the age of 80 days when none of the MatAbC individuals had detectable antibody levels. Maternal antibodies temporarily protected bank voles against PUUV infection. The MatAbC females (the offspring of the PUUV-infected mothers) became infected later than the MatAbK females (figure 1a). The first MatAbK individuals were infected already at the age of 50 days, whereas none of the MatAbC individuals were observed to be infected at the age of 80 days. In females, the difference was significant during the first three samplings at the ages of 50 days (G 1 Z5.04, nZ42, pZ0.025), 60 days (G 1 Z4.60, nZ37, pZ0.032) and 80 days (G 1 Z6.28, nZ37, pZ0.012). However, the proportion of infected individuals among the groups did not differ at the end of the study ( figure 1a) . In males, the infection rate was low throughout the study and there were no differences between the treatment groups (figure 1b). The protection of maternal antibodies seemed to last for two and a half months. differ (meanGs.e.: MatAbC 3.5G0.4, MatAbK 3.0G 1.2, t 14 ZK0.56, pZ0.58). Although maternal antibody status influenced the maturation of bank voles, the PUUV infection in itself did not influence the reproduction of females. Five out of 18 non-infected, and 11 out of 24 infected females reproduced during the study (G 1 Z1.45, pZ0.229) and the characteristics of litters did not differ between noninfected and infected mothers (meanGs.e. litter size: PUUVC 3.4G0.34, PUUVK 3.60G0.98, t 14 Z0.29, pZ 0.775; meanGs.e. offspring weight (g): PUUVC 1.85G 0.05, PUUVK 1.84G0.07, t 10 ZK0.14, pZ0.891).
The total width of testicles was used to monitor the breeding condition/maturation of the males. Testicles were larger in the MatAbC males than in MatAbK males at the age of 50 days (mean Gs.e.: MatAbC (nZ17) 10.77G 1.34, MatAbK (nZ20) 7.05G1.34, Mann-Whitney UZ98.5, pZ0.026). Since only six males were infected during the study, it was not possible to determine the direct effect of the infection on the reproductive success of the males.
(c) Size and survival The size (body mass and head width) of the animals was studied both in the laboratory during nursing when the pups were still dependent on their mothers (from birth until weaning) and in the enclosures (from weaning until 60 days of age). Neither maternal antibodies nor offspring gender had a significant effect on these parameters describing the sizes of individuals either during nursing time or in the enclosures (table 3) .
Out of the 160 study animals, 75 (46.9%) survived from the enclosures to the laboratory, i.e. until the age of 60 days. MatAb status, gender or enclosure did not have a significant effect on survival (logistic regression, MatAb: Wald 1 Z0.85, pZ0.36; gender: Wald 1 Z1.33, pZ0.25; enclosure: Wald 9 Z8.95, pZ0.44).
DISCUSSION
PUUV-specific maternal antibodies clearly postponed the PUUV infection in young female bank voles. The protection was temporary and there was no difference between the groups (MatAbC and MatAbK) in the proportion of infected individuals up to the age of three and a half months, which is in line with the previous findings (Gavrilovskaya et al. 1990; Bernshtein et al. 1999) . Interestingly, females became infected significantly more often than males. This is contradictory to several field and laboratory studies in which hantavirus infections were more common in males than in females among mature individuals (e.g. Bernshtein et al. 1999; Klein et al. 2001; Escutenaire et al. 2002; Olsson et al. 2002) . However, the male-biased prevalence has been observed only in old (i.e. over-wintered) individuals and has been explained by behavioural differences between the sexes that occur only among breeding voles. In the enclosures, the old males were the source of the infection. They might have had more contacts with the young females and consequently transmitted more viruses to them than to the young males. In addition, after the enclosure period of the study, the females were also in direct contact with males, some of them being infected. Although indirect transmission can take place (Gavrilovskaya et al. 1990; Kallio et al. 2006) , the direct contacts between infectious and susceptible males may have been a more effective transmission route than the contact with the viruscontaminated beddings (Escutenaire et al. 2002) . Moreover, the females may have invested more resources and consequently have been more susceptible to the infection (e.g. Festa-Bianchet 1989) . All these aspects may have caused the female-biased infection rate.
Maternal antibodies enhanced the maturation of bank voles in a contagious environment. This result can be understood via resource allocation between immune defence and other fitness-related traits (Sheldon & Verhulst 1996; Boots & Bowers 2004; Viney et al. 2005) . Although both MatAbC and MatAbK females were equally infected (seropositive) at the end of the study, the results suggest that the MatAbK females had to allocate more resources than MatAbC individuals to avoid or clear the infection at the cost of reproduction. Similarly, maternally protected males might have avoided the suppressive influence of immune challenge on testicle development (Lochmiller & Deerenberg 2000; Derting & Compton 2003) . In rodents, even slight resource allocation into antecedent maturation may be a more effective way of increasing fitness (Prévot-Julliard et al. 1999; Oksanen et al. 2002) than investing in growth or survival. This may explain why there were no differences between the groups in the size or in survival.
Maternal antibodies might also have influence on whether an individual starts breeding already in the summer of birth or delays it until the next breeding season. However, as winter survival of non-bred sub-adult bank voles has been found to be higher than that of bred individuals (Prevot-Julliard et al. 1999) , the overall costs and benefits of maternal antibodies should be assessed according to the lifetime reproductive success (Feore et al. 1997 ; Table 3 . Analysis of variance for the effects of maternal antibody status (fixed) and gender (fixed) on body mass and head width of study animals at weaning (at the age of 20 days) and at the age of 60 days. (The weight and head width at birth and weaning were used as covariant for the body mass and the width of head at weaning and at the age of 60 days, respectively. At weaning and at the age of 60 days, the mother (random, nested within MatAb status) and the study enclosure (random), respectively, were used as additional independent variables.) MS, mean square. Telfer et al. 2002 Telfer et al. , 2005 . Furthermore, since the maternal antibodies increase the maturation rate of individuals, they may have an effect on the population level. In northern Fennoscandia, the vole populations show cyclic fluctuations (Hansson & Henttonen 1985) and the PUUV prevalence and the abundance of infected bank voles vary greatly (Brummer-Korvenkontio et al. 1982; Niklasson et al. 1995) . Whether the maternal antibodies and/or PUUV infection have influence on the bank vole population dynamics (Niklasson et al. 1995) should be considered in future studies.
When a large proportion of individuals in a population are protected from the PUUV infection by the maternal antibodies, the extinction risk of the virus may be high owing to the shortage of susceptible animals in the population. Meanwhile, the maturation, which is facilitated by the maternal antibodies, is assumed to increase the risk of becoming infected (e.g. Bernshtein et al. 1999; Escutenaire et al. 2002; Olsson et al. 2002) . The protection mediated by maternal antibodies may prolong the inflow of the susceptible individuals in the population. This may facilitate the long-term transmission of PUUV, because virus shedding is the highest in the early stages of the infection (Gavrilovskaya et al. 1990; Meyer & Schmaljohn 2000) .
All immune defence mechanisms from the innate to acquired immunity are costly (Demas et al. 1997; Derting & Compton 2003; Martin et al. 2003; Schmid-Hempel & Ebert 2003; Boots & Bowers 2004) . The optimal regulation of the immune system (innate versus acquired) depends on several factors, e.g. on the costs and success of mounting an immune response (Lochmiller & Deerenberg 2000; Boots & Bowers 2004) . Because PUUV infection is chronic, despite the humoral immune response, it might be beneficial for bank voles to invest in the first-line defence mechanisms. Unfortunately, the roles of innate and cellmediated mechanisms (e.g. avoidance behaviour, physical first-line barriers, macrophage and granulocyte activity) in preventing and clearing the hantavirus intrusion are currently poorly understood (Terajima et al. 2004) .
To conclude, our study shows that PUUV-specific maternal antibodies postpone infection and enhance maturation in bank vole populations. The observed differences in the infection susceptibility between the groups may be important for the seasonal transmission dynamics of a pathogen in a short-lived host with a short breeding season. This addresses the importance of taking into account the potential epizootiological effects of maternal antibodies in empirical and theoretical studies of host-virus relationship.
